Highly active antiretroviral therapy (HAART) has been advocated for the management of primary HIV-1 infection without clear understanding of its immunological effects. Here, we demonstrate that early use of HAART during primary infection preserves HIVspecific CD8 ؉ T cells physically and functionally while HIV-specific T cell help is sustained. We also show that even transient administration of HAART at seroconversion can preserve HIV-specific immunity. In contrast, delayed initiation of HAART is associated with a progressive loss of HIV-specific CD8 ؉ T cells and absent HIV-specific T cell help. These results imply that HIV-specific T help is damaged during primary HIV-1 infection. Early drug treatment, which preserves this immunity, also preserves HIV-specific CD8 ؉ T cells. These results have implications for understanding the early pathogenesis of HIV-1 infection and suggest that acute HIV infection should be treated aggressively and as early as possible.
H
allmarks of primary HIV-1 infection include an acute viral syndrome characterized by fever, rash, and lymphadenopathy in association with high levels of viral replication and dissemination of virus to lymphoid tissues (1, 2) . Virus-specific CD8 ϩ cytotoxic T lymphocyte (CTL) responses are first detected during this time and are thought to mediate the decline of the initial viremia (1) (2) (3) (4) . Because the outcome of HIV-1 infection is influenced by these early events (5-7), highly active antiretroviral therapy (HAART) has been recommended for acute HIV-1 infection (8) . This therapeutic intervention may limit viral dissemination, minimizing harmful effects on cellular immune function and secondary lymphoid organ architecture. However, the effects of HAART on the interaction between T lymphocyte responses and HIV-1 soon after acquisition of the virus are uncertain. Some preliminary support for early use of HAART is based on three patients who were treated with combination antiretroviral therapy at seroconversion. The viral load was suppressed to undetectable levels and this correlated with measurable HIV-specific T lymphocyte helper function (9) . There is increasing evidence that HIV-specific CTLs may play a crucial role in controlling viremia (10) (11) (12) . Initiation of HAART during established infection is associated with decline of HIVspecific CTLs (13) (14) (15) (16) (17) . This could reflect lack of HIV-specific T help for the maintenance of CD8 ϩ T cell responses (18) .
We hypothesized that the use of HAART for acute HIV-1 infection as a means of preserving HIV-specific CD4 ϩ T cell responses might also preserve CD8 ϩ T cell responses to the virus. This was tested in a group of eight patients with acute symptomatic primary HIV-1 infection. A detailed longitudinal analysis of HIV-specific CD8 ϩ and CD4 ϩ T lymphocyte immunity was performed. The identification of early dominant CTL responses directed against the same HLA-B8-restricted epitope within the HIV-1 Nef protein (FLKEKGGL) in six of the eight patients provided an unusual opportunity to study the influence of HAART on responses of identical specificity.
Materials and Methods
Study Population. Patients (SC2, SC9, SC10, SC11, SC12, SC15, SC18, and SC19) with acute symptomatic HIV-1 infection were recruited from the Chelsea and Westminster Hospital (London). All were Caucasian homosexual men aged 25-37 yr with welldocumented recent exposure to HIV-1 through high-risk unprotected sexual encounters, followed by typical seroconversion illness, which included fever, rash, and lymphadenopathy (Table  1) . Additional clinical features included meningism in SC2, constipation in SC10, parasthesia and oral candidiasis in SC11, anorexia in SC12, and myalgia and arthralgia in SC15. The patient-reported start of the seroconversion illness was defined as onset of symptoms. Primary infection was defined as the presence of HIV-1 RNA or p24 antigen during acute symptomatic illness in the absence of HIV antibodies, or a typical viral syndrome following a negative HIV-1 antibody test 6 mo or less previously. Appropriate ethical approval was obtained.
HLA Typing. The HLA class I and II genotype of each patient was determined by PCR using sequence-specific primers (19) .
Determination of Viral Load. Virus load was quantified from cryopreserved plasma by using the Amplicor Reverse Transcription-PCR Kit (Roche Diagnostics).
Assessment of Functional HIV-Specific CD8 ؉ and CD4 ؉ T Cell Responses.
Peripheral blood leukocytes (PBL) were separated from heparinized blood by Ficoll͞Hypaque density gradient centrifugation. Bulk cultures were prepared by the addition of autologous phytohemagglutinin (PHA)-activated lymphocytes to PBL (20) . Cytolytic activity was determined by using standard chromium release assays (20, 21) . Synthetic peptides ( Table 2 , reference strain HIV IIIB) were used at a concentration of 2 M in IFN-␥ enzyme-linked immunospot (ELISPOT) assays to define CD8 ϩ T cell responses directly ex vivo as previously described (22) . PHA was always included as a positive control. Recombinant HIV-1-derived proteins [gp120, p24, p66 at 10 g͞ml; National Institute for Biological Standards and Control (NIBSC), Potters Bar, U.K.], two synthetic Tat peptides (Tat 32-72 and Tat 49-85 at 5 g͞ml; NIBSC), and overlapping pooled peptides spanning HIV-1 Nef protein (5 g͞ml; NIBSC) were used to determine HIV-specific CD4 ϩ T cell responses in PBL depleted of CD8 ϩ T cells with anti-CD8-conjugated Dynabeads (Dynal, Merseyside, U.K.) by IFN-␥ ELISPOT assays with addition of 0.5 g anti-CD28 mAb (Becton Dickinson) and by proliferation assays (22, 23) . HIV-unrelated antigens streptokinase͞streptodornase (200 units͞ml) and PHA were used as positive controls. Results 
All patients had a negative HIV antibody test at or before the onset of symptoms (Ϫ). First positive HIV antibody test is indicated by ϩ. DFOSx, days following onset of symptoms; ART, antiretroviral therapy; PC, poor compliance; 3, 3TC; d, d4T; E, efavirenz; I, indinavir; N, nevirapine; R, ritonavir; S, saquinavir; Z, zidovudine.
of proliferation assays are expressed as stimulation index (SI), which is defined as the ratio of [ Tetrameric Complexes. Phycoerythrin-conjugated peptide͞ HLA-B8 tetrameric complexes were used to track antigenspecific responses physically, as previously described (24) .
Cell Staining and FACS Analysis. Cells were stained with tetramers at 37°C for 30 min, washed in PBS and 0.1% sodium azide, and then stained with anti-human CD8-Tricolor (Caltag, South San Francisco, CA) at 4°C for 20 min, washed again, and then fixed with 1% formaldehyde in PBS. Stained cells were analyzed by using a Becton Dickinson FACScan machine with CELLQUEST software. Proviral DNA Sequencing. Genomic DNA was extracted directly from uncultured PBMC by using the Purgene DNA Isolation Kit (Gentra Systems). Full-length Nef was amplified by using nested PCR as described previously (21) . p24 (amino acids 558-965) was amplified similarly using primers 5Ј-AGAACTTTAAAT-GCATGGGTAAAAGT-3Ј͞5Ј-ACTCCCTGACATGCTGT-CATCAT-3Ј for the primary reaction (annealing at 53°C), and 5Ј-ATGCTAAACACAGTGGGGGGACA-3Ј͞5Ј-CAACAAG-GTTTCTGTCATCCAATTTTTTAC-3Ј for the secondary reaction (annealing at 55°C). Products were cloned by the T-vector system (Invitrogen) and sequenced by dye terminator sequencing using M13F primer on an ABI 377 DNA Sequencer (PerkinElmer Applied Biosystems).
Results
Delayed Initiation of HAART. We examined the influence of delayed initiation of HAART (more than 6 mo after seroconversion) on the breadth of specificities and on the function of HIV-specific CD8 ϩ T cells for 1-4 yr after the onset of symptoms. Several studies have shown that initiation of HAART during chronic HIV infection results in a decay of HIV-specific CD8 ϩ T cell numbers (14, 15) and function (16, 17) . We corroborate these findings by observing a decline in tetramer-stainable HIV-specific CD8 ϩ T cell populations and a decline in the functional response measured by IFN-␥ ELISPOT. Furthermore, we found patients who started HAART more than 6 mo after seroconversion had no detectable HIV-1-specific CD4 ϩ T cell responses. SC2. This patient declined HAART initially and remained untreated for 21 mo after seroconversion. The dominant CTL response at 22 DFOSx was directed against the HLA B8-restricted FLK epitope (21) (Fig. 1A) .
At 382 DFOSx and 760 DFOSx, responses to the HLA B8-restricted GEI, GPK, and FLK epitopes were detected by IFN-␥ ELISPOT. However, at 1,059 DFOSx, these responses were significantly reduced ( Fig. 2A) . At 1,340 DFOSx, strong GEI-and GPK-specific, but no FLK-specific, CD8 ϩ T cell responses were detectable. The restoration of GEI-and GPK-specific T cell responses is likely to reflect stimulation by autologous virus during the period without treatment (780-1,340 DFOSx). Sequence analysis of the GEI and FLK epitopes at 1,083 DFOSx revealed that the majority of the GEI sequences (7͞9 clones) encoded the index peptide epitope GEIYKRWII, whereas the majority of the FLK sequences (8͞10 clones) encoded a CTL escape variant FLK-ENGGL, as described previously (21) .
Tetramer-positive FLK-specific CD8 ϩ T cells decreased until HAART was started, despite a persistent viremia around 10 6 copies per ml of plasma (Fig. 2 A) . This decline of antigenspecific CTL coincided with the emergence of FLK-epitope variants that escaped recognition by autologous CTL (21) .
Assessment of HIV-specific CD4 ϩ T cell responses from CD8-depleted PBL at 1,340 DFOSx revealed no significant IFN-␥ ELISPOT response to any of the tested antigens (Fig. 3A) . In addition, there were no CD4 ϩ T cell proliferative responses at 543 DFOSx (not shown).
SC9. This patient remained untreated for 400 DFOSx. When HAART was started, viremia cleared by 499 DFOSx. However, because treatment was stopped at 800 DFOSx, viremia reappeared at 839 DFOSx. The dominant CTL response at 107 DFOSx was directed against the HLA B8-restricted FLK epitope (Fig. 2B) . At 421 DFOSx, CD8 ϩ T cell responses against the FLK and the HLA-A2-restricted ILK epitope were observed and at 560 DFOSx, responses to the FLK, ILK, and GEI peptides were detected. However, at 713 DFOSx these responses were significantly reduced to almost undetectable levels (Fig. 2B) . At 1,006 and 1,146 DFOSx-when viremia had reappeared because of poor compliance with therapy-GEI-, FLK-, and ILK-specific CD8 ϩ T cell responses were again detectable. Sequence analysis of the GEI and FLK epitopes at 877 DFOSx revealed no variation within the GEI epitope (10͞10 clones), and all FLK epitope sequences (10͞10 clones) encoded the index FLKEKGGL sequence (not shown).
No CD4 ϩ T cell proliferative responses were detected at 499 and 713 DFOSx (not shown).
SC19. This patient started HAART at 197 DFOSx. At 60 DFOSx, a significant IFN-␥ ELISPOT response was observed against several epitopes (ACQ, AVD, FNC, and GEI), but no FLK-specific response was observed, a finding consistent with absent tetramer staining for FLK-specific CD8 ϩ T cells at this time (Fig. 2C) . Later, at 125 and 195 DFOSx, the pattern of epitope responsiveness was maintained and increased in magnitude. In addition FLKresponsiveness was detected and correlated with positive FLKtetramer staining (Fig. 2C) . However, after initiation of HAART, responses to all epitopes were reduced compared with pretreatment levels; in particular, FLK responsiveness was abolished. This corresponded to absent tetramer staining of FLK-specific CD8 ϩ T cells. Sequencing at 307 DFOSx revealed that all analyzed GEI sequences (10͞10 clones) encoded the index peptide epitope GEI-YKRWII and no sequence variation was observed within the FLK epitope (7͞7 clones) (not shown).
No HIV-specific CD4 ϩ T cell responses were detected in CD8-depleted PBL at 363 DFOSx (Fig. 3B ).
Early Initiation of HAART. We compared the breadth and specificity of functional HIV-specific T cell responses in patients in whom initiation of HAART was delayed with those who started treatment during seroconversion. We found that HIVspecific CD8 ϩ and CD4 ϩ T cell responses were maintained despite the absence of detectable antigen in patients who started HAART at seroconversion. Furthermore, we found evidence that a short course of HAART for 1-4 wk during primary infection can result in sustained HIV-specific CD4 ϩ and CD8 ϩ T cell responses. Sustained Therapy. SC10. This patient received HAART from 49 DFOSx. The dominant cytolytic response in the acute phase of infection was directed against the HLA-B8-restricted FLK epitope (Fig. 1B) . Over the entire period of treatment, FLK-induced IFN-␥ secretion was observed in direct ex vivo ELISPOT assays (Fig. 2D) . The HLA-B8-restricted p24 Gag GEI epitope induced detectable IFN-␥ secretion at 853 DFOSx. The pattern of peptide responsiveness remained remarkably constant during the 1,100 days of observation. Sequence analysis at 1,088 DFOSx revealed no sequence variation within the FLK epitope (9͞9 clones; not shown).
A transient rise in FLK-specific tetramer-positive CD8 ϩ T lymphocytes was detected after HAART was started, followed by a decline as virus load fell to undetectable levels. However, despite prolonged suppression of virus load, tetramer-positive CD8 ϩ T cells specific for the FLK epitope were consistently detected at levels of 0.2-0.3% of CD8 ϩ T cells (Fig. 2D) .
The intermittent reappearance of viremia in the patient was due, on at least one occasion, to a brief period of noncompliance.
Assessment of HIV-specific CD4 ϩ T cell responsiveness from CD8-depleted PBL at 1,088 DFOSx revealed a strong response to recombinant p24 antigen and less pronounced responses to recombinant gp120 antigen and to overlapping pooled Nef peptides (Fig. 3C) .
SC12. This patient received HAART from 30 DFOSx. The immunodominant cytolytic response during acute infection was directed against the HLA B8 FLK epitope (Fig. 1C) . This correlated with IFN-␥ ELISPOT analysis, where a dominant response to the FLK epitope and a less pronounced response to the GEI epitope was observed (Fig. 2E) . The FLK response was maintained throughout the 800 days of HAART (Fig. 2E) .
SC12 stopped therapy at 832 DFOSx, and this resulted in reappearance of viremia. Concomitantly, there was an increase in CTL responsiveness and in FLK-stainable CD8 ϩ T cells from 0.1% before HAART was stopped to 1.5% afterward. Interestingly, not only FLK-responsive CD8 ϩ T cells were boosted by the viral recrudescence, but other responses, inapparent during the treatment period and specific for the HLA B8-restricted GGK and GEI epitopes, became detectable. At 874 DFOSx, SC12 continued HAART. This resulted in control of viremia and a fall in FLKstainable CD8 ϩ T cell numbers to 0.6% of CD8 ϩ T cells. Sequence analysis of the GEI and FLK epitopes at 1,050 DFOSx revealed that all GEI sequences (10͞10 clones) encoded the index peptide epitope GEIYKRWII and, similarly, all FLK sequences (9͞9 clones) encoded the index FLKEKGGL sequence (not shown).
Assessment of HIV-specific CD4 ϩ T cell responsiveness from CD8-depleted PBL at 1,019 DFOSx revealed a strong response to recombinant p24 antigen and to recombinant p66 antigen (Fig. 3D) . In addition, proliferative responses to recombinant p24 antigen (SI 6.2) and recombinant p66 antigen (SI 3.4) were observed at 656 DFOSx (not shown).
SC15. This patient received HAART at seroconversion. IFN-␥ ELISPOT analysis revealed that the dominant response was directed against the HLA B35-restricted epitopes PPI and VPL (Fig. 2F) , and both responses were maintained throughout the 300 days of HAART (Fig. 2F) .
A CD4 ϩ T cell proliferative response against recombinant p66 antigen (SI 3) was observed at 129 DFOSx (not shown).
Limited-Course Therapy. SC11. This patient received HAART from 32 DFOSx. IFN-␥ ELISPOT analysis revealed that the dominant response was directed against the GEI and FLK (Fig.  2G ). SC11 remained on HAART for 40 days and then stopped treatment until 640 DFOSx. After 40 days of treatment, the viremia fell by 100-fold. Reinitiation of treatment at 640 DFOSx resulted in clearance of viremia at 757 DFOSx. At 32, 757, 836, and 1,082 DFOSx, GEI-and FLK-specific CD8 ϩ T cell responses were observed (Fig. 2G) . FLK-specific responsiveness correlated with an FLK-positive tetramer-stainable CD8 ϩ T cell population of 0.4%, 1.1%, 0.9%, and 0.5% at 32, 757, 836, and 1,082 DFOSx.
Analysis of HIV-specific CD4 ϩ T cell responses from CD8-depleted PBL at 1,082 DFOSx revealed strong responses to recombinant gp120 and p66 antigen, and to the Tat peptide 32-72 (Fig.  3F) . In addition, a strong proliferative CD4 ϩ T cell response to recombinant p66 was measured at 48 DFOSx (SI 12.5; not shown).
SC18. This patient received HAART from 12 DFOSx. IFN-␥ ELISPOT analysis revealed that the dominant response was directed against the HLA A11-restricted epitopes ACQ, QVP, and AVD (Fig. 2H) .
SC18 remained on HAART for 20 days. This period of treatment resulted in a fall of viremia of more than 100-fold and at 174 DFOSx to undetectable levels. However, viremia reappeared on 285 DFOSx. At 8 DFOSx, no significant CD8 ϩ T cell response could be observed. At 285 DFOSx, a significant response against the QVP and AVD was detected, and, at 599 DFOSx, a strong ACQ-and QVP-specific response was observed.
At 599 DFOSx, strong CD4 ϩ T cell responses to recombinant p24, gp120, and p66 antigens were detected (Fig. 3E) . In addition, a proliferative response against recombinant p24 antigen (SI 6.6) was measured at 285 DFOSx (not shown).
Discussion
The immunological consequences of therapeutic intervention during primary HIV-1 infection are largely unknown. During the natural course of infection, there is good evidence that early CTL activity is a key factor in controlling the initial viremia (4, 21, 25, 26) . The early interplay between viral replication and CTL activity influences the equilibrium viral set-point, which in turn is predictive of the subsequent rate of disease progression (5) (6) (7) 27) . Intervention at early stages of infection could therefore dramatically influence clinical outcome of HIV infection.
We analyzed the induction and maintenance of HIV-specific CD8 ϩ T cell responses in patients during acute HIV-1 infection, and then followed the evolution of these responses for up to 3 yr and compared the impact of early vs. delayed treatment on HIV-specific T cell responses. Initiation of HAART at seroconversion was associated with persistence of HIV-specific CTL defined by tetramer staining methods and functional assays, despite a substantial decay in viral load. This was associated with potent HIV-specific CD4 ϩ T cell responses directed against multiple antigens. Interestingly, in two patients, despite discontinuation of early treatment after 2 and 4 wk, we still observed evidence of a beneficial effect on the maintenance of HIVspecific T cell responses. This observation is encouraging because prolonged treatment with HAART is expensive, toxic, and commonly associated with intermittent adherence.
In contrast, CTL responsiveness declined in patients in whom initiation of HAART was delayed (6-18 mo after seroconversion). This correlated with absent HIV-specific T cell help. These findings are comparable to other studies (14) (15) (16) (17) 28 ) that reported a decline of HIV-specific CTLs after administration of HAART in chronically infected patients. Sequence analysis of CTL epitopes confirmed that decline in CTL responsiveness in late-treated patients was not the result of selection of epitope variants that might still emerge during HAART (29, 30) . In the present study, the decline in T cell responsiveness was apparent only during effective treatment, i.e., in the absence of viremia. When two of three late-treated patients discontinued therapy and viremia reappeared, they regained HIV-specific CTL responses but not HIV-specific CD4 ϩ T cell responses. Although other factors may explain the different immunological effect of early as compared with late initiation of treatment, our findings suggest that preservation of HIV-specific T help plays an important role. In murine chronic viral infections, functional CD4 ϩ T helper cells are required for the maintenance of sustained CTL responses (31) (32) (33) (34) (35) . Furthermore, functional T help might be important for maintenance of memory CD8 ϩ T cell responses after resolution of acute viral infection (36) . Extrapolation of these findings to HIV-1 infection would suggest that sustained CTL responsiveness in the absence of detectable antigen will depend on functional HIV-specific T help. Evidence that these features are in turn associated with a favorable clinical outcome is based on studies of long-term nonprogressors (LTNP) who have both sustained CTL activity (11, 37) and HIV-specific T help (9, 38) . Furthermore, a recent report demonstrated a correlation between HIV-p24-specific proliferative CD4 ϩ T cell responses and Gag-specific CTL precursors (18) .
In summary, these findings suggest that maintenance of sustained, functional CTL responsiveness depends on functional T cell help in HIV patients who receive effective antiretroviral therapy. Functional HIV-specific T cell help and CD8 ϩ T cell responses are preserved in patients who are treated at seroconversion, but not in patients who start treatment later, long after the seroconversion illness has resolved. These findings have important implications for understanding the early pathogenesis of HIV infection and for the design of therapeutic protocols that aim to limit immune system damage during primary HIV-1 infection.
